Y chromosome deletions encompassing the AZFc region have been reported in 13% of azoospermic men and 7% of severely oligozoospermic men. We examined the impact of these Y deletions on the severity of testicular defects in 51 azoospermic men undergoing intracytoplasmic sperm injection (ICSI) after testicular sperm extraction (TESE) and 30 men with severe oligozoospermia undergoing ICSI after ejaculation of spermatozoa. In addition, five azoospermic patients shown previously to have Y chromosome deletions underwent histological evaluation of their previously obtained testis biopsy specimens. A further 27 azoospermic men underwent TESE-ICSI, but not Y chromosome DNA testing. Ten of 51 azoospermic men (20%) who underwent TESE-ICSI and Y-DNA testing were found to be deleted for portions of the Y chromosome AZFc region. Of these 10, five had spermatozoa retrievable from the testis, and in two cases the wives became pregnant. Of the 41 azoospermic men with no Y chromosome deletion, 22 (54%) had spermatozoa retrievable from the testis, and in 12 cases (29%) the wives became pregnant. Four of 30 (13%) severely oligozoospermic patients were found to be deleted for AZFc and in three (75%) of these pregnancy was achieved. The other 26 severely oligozoospermic couples who had no AZFc deletions underwent ICSI, and 12 (46%) have an ongoing or delivered pregnancy. The embryo implantation rate was not significantly different for azoospermic (22%), oligozoospermic (16%), Y-deleted (14%) or Y-intact (18%) men. Of the total of 19 infertile men who had Y chromosome deletions, 14 had deletions within Y chromosome intervals 6D-6F, in the AZFc region. Twelve of those 14 had some spermatozoa (however few in number) in the ejaculate or testis. Five of the Y-deleted men had deletions that extended more proximally on the Y chromosome, and in none of these could any spermatozoa be observed in either ejaculate or testis. These results support the concept that, in azoospermic or oligozoospermic men with Y chromosome deletions limited to intervals 6D-6F (AZFc), there are generally very small numbers of testicular or ejaculated spermatozoa. Larger Y deletions, including and extending beyond the AZFc region and encompassing more Y genes, tend to be associated with a 3332 © European Society of Human Reproduction and Embryology total absence of testicular spermatozoa. In those cases where spermatozoa were retrieved, the presence of Y deletions had no obvious impact on fertilization or pregnancy rate.
Introduction
Azoospermic men with germinal failure often have tiny foci of intact spermatogenesis somewhere in their testes (Silber and Rodriguez-Rigau, 1981; Silber et al., 1995b) . This discovery has allowed otherwise sterile men to father children by utilizing testicular sperm extraction (TESE) and intracytoplasmic sperm injection (ICSI) (Palermo et al., 1992; Van Steirteghem et al., 1993; Devroey et al., 1995; Silber et al., 1995a Silber et al., , 1996 . In about 60% of these cases, a tiny amount of spermatozoa is produced in the testis, though this is insufficient to spill over into the ejaculate (Silber et al., 1997) .
Deficient spermatogenesis in men has been considered likely to have a genetic aetiology (Tiepolo and Zuffardi, 1976; Johnson et al., 1989) . Recently, a number of laboratories have reported submicroscopic deletions of certain portions of the Y chromosome in azoospermic and severely oligozoospermic men (Vogt et al., 1996; Ma et al., 1993; Najmabadi et al., 1996; Nakahori et al., 1996; Qureshi et al., 1996; Chai et al., 1997; Elliot et al., 1997; Foresta et al., 1997; Girardi et al., 1997; Kremer et al., 1997; Mulhall et al., 1997; Pryor et al., 1997; Simoni et al., 1997; van der Ven et al., 1997; Vereb et al., 1997) . In our laboratory, about 13% of men with non-obstructive azoospermia, and 7% of those with severe oligozoospermia, have been found to be deleted for a particular portion of the Y chromosome, the AZFc region, which contains the DAZ gene cluster (Reijo et al., 1995 (Reijo et al., , 1996 Saxena et al., 1996) . These deletions have been shown to be new mutations not present in fathers or brothers, nor in normal fertile controls. All of these results suggest that genes on the Y chromosome play an important role in spermatogenesis.
We wished to determine what impact the size and extent of deletions encompassing the AZFc region might have on the type and severity of spermatogenic defect in azoospermic and severely oligozoospermic patients who are undergoing TESE and ICSI, and what effect, if any, these deletions might have on the fertilization and pregnancy rate.
Materials and methods
Fifty-one men with non-obstructive azoospermia and 30 men with severe oligozoospermia (Ͻ1ϫ10 6 /ml in the ejaculate) underwent Y-chromosomal sequence tagged site (STS) mapping, and TESE-ICSI or ICSI alone in an attempt to conceive a child. None of the azoospermic men had obstruction, and all were documented to have 'Sertoli cell-only', maturation arrest, or a combination of the two. Five additional azoospermic men who were found to be Y-deleted elected not to attempt TESE-ICSI but underwent quantitative histological evaluation of a previously obtained testis biopsy. An additional 27 men with non-obstructive azoospermia were not studied for Y chromosome deletions, but nonetheless underwent TESE-ICSI.
We searched for a relationship between the presence of testicular or ejaculated spermatozoa and the presence or absence, and size and location, of a Y-chromosomal deletion. The method of quantitative study of testicular histology was previously reported (Silber et al., 1996) . The methodology for TESE-ICSI has also been described previously (Devroey et al., 1995; Silber et al., 1995a Silber et al., , 1996 .
Using the polymerase chain reaction (PCR), we searched for Y chromosome deletions in azoospermic or severely oligozoospermic men by testing genomic DNA for the presence or absence of as many as 52 DNA landmarks (STS) distributed across the entirety of the Y chromosome ( Figure 1 ). All tests were performed on DNA purified from blood leukocytes or lymphoblastoid cell lines. All Y-DNA markers employed had been placed previously on a physical map of the chromosome; the markers represented all known genes and gene families in the non-recombining region of the Y chromosome Vollrath et al., 1992; Lahn and Page, 1997; Vogt et al., 1997) .
Results
Of the 51 azoospermic men who underwent TESE-ICSI, 10 (20%) were found to be deleted for the AZFc region, which encompasses the DAZ gene cluster (Table I) . Of those 10, five (50%) had spermatozoa retrievable from the testis, and the wives of two (20%) became pregnant. Of the 41 azoospermic men with apparently intact Y chromosomes, 22 (54%) had spermatozoa retrievable from the testis, and the wives of 12 (29%) became pregnant.
Of the 26 severely oligozoospermic (Ͻ1ϫ10 6 /ml) men with apparently intact Y chromosomes undergoing ICSI, the wives of 12 (46%) now have an ongoing or delivered pregnancy. Of the four oligozoospermic couples that were Y-deleted, the wives of three (75%) have an ongoing or delivered pregnancy (Table II) . Among a total of 14 couples (azoospermic and oligozoospermic) with Y deletions undergoing ICSI, five (36%) have healthy ongoing or delivered pregnancies. The pregnancy rate per embryo transfer in cases where spermatozoa were found was not dramatically different for azoospermic (36%),
Y chromosome testing was not done in 27 azoospermic men undergoing TESE-ICSI. In 19 of these cases, the pathology was either cryptorchidism, mumps or post-chemotherapy azoospermia, but not idiopathic Sertoli cell-only or maturation arrest. From the outset we viewed this as a distinct aetiological group in which Y deletions were very unlikely. The clinical results with this group of azoospermic patients undergoing TESE-ICSI did not differ from those of the group with idiopathic germinal failure, i.e. Sertoli cell-only or maturation arrest. Eight of these 27 TESE-ICSI cases had Sertoli cell-only or maturation arrest, but declined to undergo Y-chromosomal testing. Of the total of 78 cases (51 Y-tested and 27 not Y-tested), neither embryo transfer rate, 2 pronuclei (2PN) fertilization rate, cleavage rate nor the delivered pregnancy rate per initiated cycle was affected by whether the pathology was Sertoli cell-only, maturation arrest, post chemotherapy, mumps or cryptorchid atrophy (Table III) .
Among the 31 men (out of 78) in whom no spermatozoa were found at TESE (40%), round spermatids were also not found, either in the TESE procedure itself, or in the examination of histological sections. Round spermatids were never observed in the absence of elongated spermatids or spermatozoa.
Y deletions limited to intervals 6D-6F (the AZFc region; Figure 1 ) were generally associated with finding some spermatozoa at TESE, while larger Y defects (extending more proximally and/or more distally) were associated with finding no spermatozoa at TESE (Figure 1 ; Tables IV and V) . Five Y-deleted azoospermic patients did not undergo TESE-ICSI, but underwent quantitative scrutiny of their previous testis biopsy. Ten Y-deleted azoospermic men underwent TESE-ICSI. Thus, a total of 15 Y-deleted azoospermic men were studied for the presence of testicular spermatozoa. In these non-obstructive azoospermic men, a few spermatozoa sufficient for ICSI were found in the testes of eight of the 10 with deletions limited to intervals 6D-6F, but absolutely no spermatozoa were found in the testes of any of the five azoospermic men with deletions which extended more proximally and/or more distally. Even in one of the two patients with limited Y deletions who did not have sufficient spermatozoa for ICSI, a few spermatozoa were noted on extensive histological evaluation. Thus, there was a clear trend toward larger deletions causing more severe spermatogenic defects. The four oligozoospermic men who were Y-deleted also all had small deletions limited to intervals 6D-6F.
Thus, a total of 19 Y-deleted men were scrutinized for spermatozoa either at TESE, in the testicular biopsy, or simply by the presence of some spermatozoa in the ejaculate (Table  V) . Fourteen (73%) had deletions limited to interval 6D-6F, and 12 of those (86%) had spermatozoa in the testis or ejaculate. Five of the 19 Y-deleted men had deletions extending beyond 6D-6F, and none of those had any spermatozoa detected in the testes or ejaculate. It is not clear whether this is caused by the terminal nature of these large deletions in four of the five cases, or because of the absence of additional spermatogenesis genes on their Y chromosome. Part or all of the AZFc region was absent in all of our Y-deleted azoospermic and severely oligozoospermic patients. When the deletion extended beyond AZFc, encompassing additional testis-specific genes, no spermatozoa could be found.
When spermatozoa were recoverable in azoospermic or oligozoospermic men, there was no significant difference in pregnancy rate with ICSI whether the man was Y-deleted or Y-intact. In azoospermic men, the pregnancy rate was 29% for Y-intact and 20% for Y-deleted cases. In oligozoospermic men, the pregnancy rate was 46% for Y-intact and 50% for Y-deleted cases.
The histological classification of the azoospermic men did not appear to relate in a straightforward manner with the extent or site of deletion. Of the 10 patients with deletions limited Figure 1 . Y chromosome deletions in 19 azoospermic or severely oligozoospermic men. Towards the right, the Y chromosome is represented by a long rectangle; 43 deletion intervals [1A1A through 7, as defined by Vollrath et al. (1992) ], the short arm (Yp), centromere (in black; interval 4B), and long arm (Yq) are labelled. To the right of the chromosome are indicated the names and positions of 10 X-homologous genes and 11 testis-specific genes or gene families (Lahn and Page, 1997; Vogt et al., 1997) . On the extreme right are listed GenBank accession numbers (or references) for the 52 STS for which we tested the patients. (GenBank accession numbers provide electronic access to PCR primer sequences and reaction conditions. Note: STS with accession numbers G40977 and G38345 appear to map near, but not necessarily within, RBM genes.) [References (1): Schiebel et al., 1997;  (2) Agulnik et al., 1994;  (3) Ma et al., 1993.] The bars to the left of the chromosome represent the portions of the Y chromosome that were found to be present in: (i) seven azoospermic men in whom no spermatozoa were found in testis biopsies; (ii) eight azoospermic men in whom spermatozoa were found in testis biopsies; and (iii) four severely oligozoospermic men. The experimentally demonstrated presence of an STS in an individual is indicated by a black segment; the inferred presence (by interpolation) of an STS in an individual is indicated by a minus; inferred absence is indicated by the absence of any symbol. White boxes represent positive PCR results that should be interpreted in the context of the four-specific repeat nature of the sequences being considered; these positive results may simply reflect the existence of closely related, cross-amplifying sequences in other portions of the Y chromosome. Some of these results have been reported previously (Reijo et al., 1995) . At the extreme left of the figure, the approximate boundaries of the AZFa, AZFb and AZFc regions (as defined by Vogt et al., 1996) are shown. to AZFc, three had maturation arrest, five had Sertoli cellonly, and two had a combination of maturation arrest and Sertoli cell-only. Of the five patients with deletions extending beyond AZFc, four were Sertoli cell-only, and one was maturation arrest.
Discussion
In this report, we undertook to summarize and analyse the results of Y chromosome deletion analysis in men with severe spermatogenic defects who were undergoing therapeutic attempts for their wives to conceive with TESE and ICSI. Cytogenetic studies dating back to 1976 had shown, in a very small number of azoospermic men, gross defects visible in the long arm of the Y chromosome, implying the existence of an azoospermic factor somewhere in that region (Tiepolo and Zuffardi, 1976) . In 1992, comprehensive Y-chromosomal maps constructed using yeast artificial chromosomes (YAC) and STS created the possibility for more detailed study of the Y chromosome in infertile men Vollrath et al., 1992) . A detailed Y-chromosomal mapping study of a large series of severely infertile men with clearly identified phenotypes revealed a common deletion in 13% of azoospermic males. The commonly deleted region was located in the distal portion of interval 6, subsequently referred to as AZFc (Reijo et al., 1995; Vogt et al., 1996) . The fathers of the Y-deleted, infertile men were shown to have intact Y chromosomes, demonstrating that the deletions had arisen de novo and providing strong evidence that the deletions were the cause of the spermatogenic failure observed in these men. The DAZ gene cluster was identified within the small, commonly deleted region, and has autosomal homologues (Reijo et al., 1995; Saxena et al., 1996; Ruggiu et al., 1997) . The DAZ genes have been shown to be transcribed specifically in spermatogonia and primary spermatocytes (Menke et al., 1997) . Shortly thereafter, ICSI with testicular and epididymal sperm retrieval methods were developed for the treatment of couples with azoospermia (Schoysman et al., 1993; Devroey et al., 1994; Silber et al., 1994 Silber et al., , 1995c Tournaye et al., 1994) . TESE and ICSI could thus be utilized to achieve pregnancy for the wives of men with azoospermia caused by deficient spermatogenesis (Devroey et al., 1995; Silber et al., 1995a Silber et al., ,b, 1996 . Men with the most severe spermatogenic defects causing complete azoospermia were often found, in an extensive testicular biopsy, to have a minute number of spermatozoa (or mature spermatids) very sparsely present; these spermatozoa could then be used for ICSI. This TESE-ICSI procedure was based on quantitative studies of spermatogenesis dating back to the late 1960s (Steinberger and Tjioe, 1968; Zuckerman et al., 1978; Silber and Rodriguez-Rigau, 1981) .
Severe oligozoospermia (which is readily treated with ICSI) is thus simply a quantitative variant of azoospermia in which there is a minute level of spermatogenesis in 60% of azoospermic men, though this is below the threshold necessary for sperm to 'spill over' into the ejaculate (Silber et al., 1997) .
For the purpose of comparing Y-chromosomal deletions to the degree of spermatogenic defect, azoospermic men with at least a few spermatozoa retrievable from the testes should perhaps be considered together with very severely oligozoospermic men. Azoospermic men in whom no spermatozoa at all could be retrieved from the testis may be in a different category.
In oligozoospermic men, or azoospermic men in whom testicular spermatozoa can be retrieved, the presence or absence of Y deletions apparently has no effect on fertilization or pregnancy rates. Furthermore, in azoospermic men, the presence or absence of a Y deletion correlates poorly with whether the pathology will be maturation arrest or Sertoli cell-only. We found these deletions in azoospermic and severely oligozoospermic men with a variety of histological patterns, e.g. Sertoli cell-only or maturation arrest, either complete or partial. In those infertile men who are Y-deleted, larger deletions (extending beyond intervals 6D-6F) appear to be associated with a total absence of testicular spermatozoa, but smaller deletions (limited to 6D-6F) are associated with the presence of small numbers of spermatozoa that are sufficient for ICSI. Also, all four Y-deleted oligozoospermic men studied were found to have deletions limited to 6D-6F. These results suggest that multiple spermatogenesis genes on the Y chromosome may contribute to and modify the severity of the spermatogenic defect in men with deletions encompassing the AZFc region. Though deletions limited to intervals 6D-6F remove the entire DAZ gene cluster, in most individuals such deletions are apparently not sufficient to eliminate completely all spermatogenesis.
These clinical findings in azoospermic and severely oligozoospermic Y-deleted men undergoing TESE and/or ICSI correlate well with Y chromosome studies reported recently in many different laboratories (Ma et al., 1993; Najmabadi et al., 1996; Nakahori et al., 1996; Qureshi et al., 1996; Vogt et al., 1996; Elliot et al., 1997; Foresta et al., 1997; Girardi et al., 1997; Kremer et al., 1997; Pryor et al., 1997; Simoni et al., 1997; van der Ven et al., 1997; Vereb et al., 1997) . The central clinical conclusion from our series is that while at least a few spermatozoa are detected in most infertile or 'sterile' men with standard AZFc deletions, spermatozoa are generally not detected in men with larger deletions encompassing AZFc plus more proximal and distal regions of the Y chromosome. Of course, this is a generalization based on a small number of clinical cases, but it does confirm the viewpoints of several other investigators.
The patients with no spermatozoa retrievable even after exhaustive TESE-ICSI attempts were found to have deletions which extend beyond AZFc (Vogt et al., 1996; Elliott et al., 1997) . Deletions of DAZ and AZFc alone were not generally sufficient to prevent completely all spermatogenesis. However, when AZFb and beyond were missing, there was predictably no detectable completion of spermatogenesis. Therefore, deletion of functional members of the RBM gene family, or of some of the other genes found in AZFb, e.g. EIF1AY, PRY and TTY2, might contribute to the enhanced severity of spermatogenic defects observed in patients whose deletions extend proximal to the AZFc region (Chai et al., 1997; Elliot et al., 1997; Lahn and Page, 1997 ).
There are probably several genes on the Y chromosome that impinge on spermatogenesis (Lahn and Page, 1997; Vogt et al., 1997) . It may be the total effect of all these spermatogenesis genes on the Y chromosome that determines sperm production rates. Our studies suggest that it will be possible to identify subsets of Y-deleted azoospermic men 3336 who are relatively good or relatively poor candidates for TESE-ICSI.
